92 DIRECT HUMAN CARTILAGE REPAIR USING THERMAL INKJET PRINTING TECHNOLOGY  by Cui, X. et al.
Oral Presentations / Osteoarthritis and Cartilage 19S1 (2011) S7–S52 S47
dynamics, which need to be regulated in proliferation, apoptosis and
differentiation. This suggests an important role of this protein in
chondrogenesis.
Conclusions: This study was focused on characterizing the speciﬁc
modulations in the proteome of bone marrow MSCs from OA patients
undergoing chondrogenic differentiation, using the SILAC method. The
comparison of these results with the correspondent proteomic proﬁle
of MSCs from healthy donors should be the objective of future studies.
Our proteomic approach based on metabolic labeling and the functional
analyses of those differential proteins will help us to explore the
underlying mechanisms involved in OA disease.
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MESENCHYMAL STEM CELLS EXERT PARACRINE EFFECTS ON
OSTEOARTHRITIC CARTILAGE AND SYNOVIUM
G.M. van Buul, E. Villafuertes, J.H. Waarsing, P.K. Bos, N. Kops,
J.A. Verhaar, H. Weinans, M.R. Bernsen, G.J. van Osch. Erasmus MC,
Rotterdam, Netherlands
Purpose: Osteoarthritis (OA) is characterized by an imbalance of anabolic
and catabolic processes in synovial joints, resulting in progressive
cartilage damage. Mesenchymal stem cells (MSCs) have recently been
discovered to have immunomodulatory capacities by secreting anti-
inﬂammatory cytokines and growth factors. MSCs are promising
candidates for OA therapies and multiple animal studies show beneﬁcial
effects of MSCs on cartilage histology in various OA models. Interestingly,
applied cells do not seem to actively participate in formation of new
cartilage and mainly home to the synovium. We studied the paracrine
effects of MSCs on OA cartilage and synovium explants in vitro.
Methods: To stimulate primary human MSCs to secrete immunomod-
ulatory factors, they were cultured under inﬂammatory conditions in
medium containing 10% FCS with additional 50ng/ml TNFa and 50ng/ml
IFNg. After 24 hours medium was collected and designated “MSC
conditioned medium”. Human cartilage and synovium explants, obtained
during total knee replacement surgery, were cultured for 48 hours in
conditioned medium or in unconditioned control media with or without
TNFa and IFNg. MSCs and explants were studied for expression of genes
regulating inﬂammation (TNFa, TGFb, IL-6, IDO, IL-1b, IL-1RA, SOCS1
and SOCS3) and extracellular matrix degradation (TIMP2, ADAMTS-4,
ADAMTS5, MMP-1 and MMP-13). IL-6 and TIMP2 were measured in
MSC conditioned medium by means of ELISA’s. Statistical analysis was
performed using a mixed model ANOVA, in which treatment was
considered a ﬁxed factor and donor a random factor. A p-value <0.05
was considered statistically signiﬁcant.
Fig. 1. Effects of factors secreted by MSCs on OA cartilage. Gene expression
data are normalized to best keeper index (BKI, based on GAPDH, UBC and
HPRT) and relative to control without MSC secreted factors. * indicates
P < 0.05.
Results: MSCs: IFNg and TNFa resulted overall in an anti-inﬂammatory
phenotype. Speciﬁcally, it induced down-regulation of gene expression of
TNFa, TGFb, and TIMP2, while IL-6 and IDO were markedly upregulated
(P < 0.001 for all genes). IL-1b and TIMP1 were unaltered by the priming
procedure. IL-6 production by MSCs was upregulated upon cytokine
stimulation (2.6±3.0 ng/ml vs 40.2±15.0 ng/ml; P< 0.001) whereas TIMP2
production was not affected (25.2±6.8 ng/ml vs 23.5±7.7 ng/ml).
Cartilage (Fig. 1): IFNg and TNFa increased SOCS1 gene expression
(P = 0.029) and caused a trend towards upregulating ADAMTS-4
(P = 0.056) and ADAMTS-5 (P = 0.077) in cartilage explants. MMP-13
and IL-1RA were unaffected. MSC conditioned medium decreased
ADAMTS-5 (P < 0.001) and further upregulated IL-1RA (P =0.046). SOCS3
was downregulated (P = 0.044), whereas ADAMTS-4, MMP-13 and SOCS1
remained unchanged.
Synovium (Fig. 2): IFNg and TNFa upregulated MMP-1, TNFa, IL-1b, IL-1RA
and SOCS1 in synovium (P < 0.03 for all genes). MSC conditioned medium
downregulated the cytokine-induced expression of MMP-1 IL-1b and
further upregulated SOCS1. MMP-13 gene expression was not affected
by IFNg and TNFa stimulation or conditioned medium.
Fig. 2. Effects of factors secreted by MSCs on OA synovium. Gene
expression data are normalized to best keeper index (BKI, based on
GAPDH, UBC and HPRT) and relative to control without MSC secreted
factors. * indicates P < 0.05.
Conclusions: Conditioned medium containing factors secreted by MSCs
caused anti-catabolic and multiple anti-inﬂammatory responses in
cartilage and synovium explants. This indicates that MSCs have beneﬁcial
paracrine effects on the metabolism of osteoarthritic cartilage and
synovium. These results offer a possible working mechanism for MSCs
to modulate the osteoarthritis process, and encourage further use and
study of MSCs as a treatment for OA.
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X. Cui1, K. Breitenkamp1, M. Finn1, M. Lotz1, C. Colwell2, D. D’Lima1,2.
1The Scripps Res. Inst., La Jolla, CA, USA; 2Shiley Ctr. for Orthopaedic Res.
and Ed. (SCORE) at Scripps Clinic, La Jolla, CA, USA
Purpose: Cartilage defects resulting from osteoarthritis (OA), aging, and
joint injury are a major cause of joint pain and chronic disability.
Without blood vessels, nerves, and lymphatics in structure, articular
cartilage has difﬁculties to heal spontaneously. The most common
treatment for advanced cartilage damages is joint replacement surgery.
However, it is highly invasive, complicated and expensive. Current
cartilage tissue engineering strategies can yet fabricate new tissue
that is indistinguishable from surrounding cartilage with respect
to zonal organization, extracellular matrix (ECM) composition, and
mechanical properties. The objective of our study is to develop a
high-throughput bio-printing technology to precisely deliver human
chondrocytes and biomaterial scaffold in three dimensions (3D) with
desired cell distribution for direct cartilage repair.
Methods: A Hewlett-Packard Deskjet 500 thermal inkjet printer
was modiﬁed for bio-printing. Isolated human chondrocytes with
oncentration of 5 million cells/mL was printed layer by layer in 20% w/v
poly(ethylene glycol) dimethacrylate (PEGDMA) and 0.05% w/v photo-
initiator. A bovine osteochondral (OC) plug with a full thickness cartilage
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lesion was served as 3D bio-paper. A long-wavelength UV exposure of
maximum intensity 8.9mW/cm2 at 365nm was set up for simultaneous
photo-polymerization during printing. Printed cell-hydrogel constructs
with OC plugs were cultured with ITS+ medium supplemented with
10ng/mL TGFb1 at 37°C with 5% CO2. Samples were collected at 2,
4, 6 weeks for glycosaminoglycan (GAG)/DNA, collagen type II/DNA,
gene expression, and histology analysis. Equilibrium swelling ratio and
compressive modulus of printed PEGDMA hydrogels were measured and
printed chondrocytes distribution within hydrogel was examined with
confocal microscopy.
Results: Each printed layer (~0.3mL) was instantly photo-polymerized
during layer-by-layer deposition. Thus the delivered cells maintained
their initially deposited 3D positions instead of sinking to the bottom
due to gravity (Figure 1).
Equilibrium swelling ratio (6.19±0.10), water content (83.85±0.26%), and
compressive modulus (395.73±80.40kPa) of printed PEG gel are within
the range of the properties of native human articular cartilage. RT-
PCR results showed reduced collagen type I expression and increased
collagen type II as well as aggrecan during the culture. Collagen type
II and aggrecan expression was signiﬁcantly higher in chondrocytes
printed to OC plug 3D bio-paper than that to mold. Gene expression
data was conﬁrmed with GAG/DNA and collagen type II/DNA analysis.
Safranin O staining of hydrogel in OC plugs cultured for 2 weeks shows
more proteoglycans production in the region contacting with the native
cartilage.
Conclusions: Bio-printing based on thermal inkjet printing technology
can be applied for precise 3D deposition of chondrocytes and biomaterial
scaffold during layer-by-layer assembly. Direct cartilage repair is achieved
by printing bio-ink in situ to cartilage defects with simultaneous
photo-polymerization. Printed cell-hydrogel constructs are integrated
to 3D bio-paper with induced chondrogenesis to the implanted cells.
Therefore, bio-printing has the capacity to mimic native ECM distribution
and cell organization for zonal cartilage tissue engineering. The
interactions between native cartilage and printed materials can induce
the chondrogenesis of implanted chondrocytes to deposit more ECM,
which reveals the importance and possibility of developing in vivo bio-
printing technology for direct cartilage repair.
Fig. 1. Bovine OC plug (3D bio-paper) and distribution of printed human
chondrocytes in PEG gel. (A) A 3D bio-paper with full thickness cartilage
lesion; (B) 3D bio-paper cut in half after decalciﬁcation with printed
hydrogel in the defect. (C) Printed cells remained deposited 3D positions
with simultaneous photo-polymerization during layer-by-layer assembly.
(D) Cells accumulated to the interface of the zonal structure due to
gravity when polymerized after cell deposition. Scale bar: A,B 2mm;
C,D 100mm.
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IDENTIFICATION OF CHONDROGENIC PROGENITOR CELLS IN INJURED
BOVINE ARTICULAR CARTILAGE
Y. Yu, D. Seol, D. McCabe, H. Zheng, J. Martin. Univ. of Iowa, Iowas City,
IA, USA
Purpose: As an avascular and aneural tissue, articular cartilage has
minimal healing ability and is often replaced by ﬁbrous tissue after
injury. Cell-based therapies for cartilage defects usually use chondrocytes
for tissue engineering procedures. However, these cells rarely establish
a hyaline cartilage matrix in situ and their harvest and implantation
requires two operations. Our previous studies described a migratory
progenitor-like cell (MP-like cell) population that appeared to reside
within the superﬁcial zone of bovine articular cartilage. These cells
emerged in response to mechanical injury and migrated toward areas
where chondrocytes were killed and the matrix was damaged. Moreover,
MP-like cells were shown to be highly chondrogenic in vitro. These
ﬁndings suggested that the cells might be capable of repairing cartilage
lesions. The work presented here conﬁrms that MP-like populations
include cells with stem/progenitor cell characteristics as determined by
side population (SP) discrimination assay using ﬂow cytometry.
Methods: Injury Model: Bovine osteochondral explants were obtained
from adult bovine knees. We subjected these explants to a single blunt
impact blow (2.5 J/cm2) via a 5mm diameter platen using a drop tower
device.
Isolation and culture of superﬁcial chondrocytes: Five days after impact,
explants were placed in trypsin for 20 minutes to harvest surface-
migrating MP-like cells and in colagenase/pronase to harvest underlying
normal chondrocytes. Cells were isolated and expanded in DMEM-based
media for seven days.
Side population assay: The SP discrimination assay is based on the
differential potential of cells to efﬂux the Hoechst dye via the ATP binding
cassette (ABC) family of transporter proteins. Cells were trypsinized
and counted for Hoechst dye staining in the presence of Verapamil,
(inhibitor of ABC transporter). PI (Prodium Iodide) was used for dead
cell discrimination. Normal chondrocytes were used as control.
Results: MP-like cells repopulated dead zones created by blunt impact
injury (Figure 1). Side Populations were observed in both MP-like cells
and normal chondrocytes (whole thickness), but with a signiﬁcantly
higher ratio within MP-like cells. Side population from MP cells was also
much higher compared with bone marrow cells (BMSCs) and superﬁcial
zone cartilage (0.07%) (Figure 2).
Conclusions: Migrating cells found on the surfaces of injured
osteochondral explants display stem/progenitor cell features. Their ability
to home to injury sites and re-establish a hyaline-like extracellular matrix
offers the potential for a new strategy for cartilage repair that requires
minimal intervention.
Fig. 1. Repopulation by progenitor-like cells in an impact injury site. (A-C)
Calcein AM-stained cells (green) at the same site of an impact-injured
explant. Elongated progenitor-like cells had migrated into the injury site
at 7 days (A), 11 days (B), and 15 days (C) post-impact. (D-F) Migrated
GFP-labeled progenitor-like cells (green) at the same site of a impact-
injured explant. GFP-labeled cells implanted adjacent an impact area
were migrated into the injured site at 2 days (D), 5 days (E), and 12 days
(F) post-impact. Red: endogenous chondrocytes.
